ABSTRACT
INTRODUCTION
Our study was designed to explore several aspects of stance balance control in the dark and how it might be affected by: 1) the search for visual cues, 2) the lack of visual cues, and 3) multi-tasking the area of the brain that is responsible for visuospatial processing and how they might applied to a better understanding of spatial disorientation in aviation. According to the theory of modularity of brain function, certain brain areas are specialized to perform specific computational functions [1, 2] . Motor and/or cognitive activities that contain similar computational processes utilize the same brain area(s) to fulfill those functions [3, 4] . A logical prediction of the theory therefore is that a computational overload or interference is expected to occur if two or more tasks that call upon similar computations are performed concurrently [5] .
In the analyses of performance interference between two tasks, our interest lies in what is referred to as an internal structural interference [6] . By internal we mean the performance costs that arise when the same area of the brain has to deal with the simultaneous processing of the sub-components of the two tasks. In contrast, external structural interference relates to using the same body part to carry out two tasks, in which case the root cause of the majority of the performance costs can readily be accounted for. One example of such interference is texting while driving. Here, the eyes must focus on both the road and the texting device. Likewise, the hands must type while they are steering the vehicle. The physical constraints of attempting to do both tasks concurrently are clearly so substantial that is very difficult to account for the component of performance decrement that comes from central sources, i.e. diversion of attention.
Such experimental confounds may be avoided when studying the mechanisms of internal interferences by selecting two tasks that are as physically independent from each other as possible. In a previous study, we paired a stance balance control task with either an arithmetic subtraction task or a word generation task [6] . Balance control is a complex visuospatial task which involves the interaction of dynamic sensorimotor processes that include biomechanical constraints, movement strategies, sensory integration, orientation in space, cognitive processing, experience and practice, and perception of goal and context [7] [8] [9] [10] . Mental arithmetic computations such as subtracting backwards by seven [11] also activate visuospatial areas of the brain including the bilateral inferior parietal region. Performance costs were found in the first pairing of tasks [6] . The more demanding the visuospatial (balance control) conditions, the more the interference between the two tasks was observed.
The current study extends these findings by exploring the visuospatial significance of keeping the eyes open while standing in total darkness. Monkey studies have shown that with the eyes fixated on a target, half of the so-called visual neurons in the posterior parietal area (V6), which receive inputs from the occipital region, were found to be active under total darkness condition [12] . These neurons are thought to be involved in general motor control rather than eye movements [13] . In human studies, the right posterior inferior parietal region, among other areas, was found to be active when the eyes are open in the dark compared to eyes closed [14] . Certain brain areas were also active during eye closure. Other than the somatosensory cortex, however, the parietal region remained relatively quiet. The primary visual cortex is silent when the eyes are open and moving in the dark [15] , so it is not the source of parietal activation. Eye blinking per se also does not activate the posterior parietal region [16] unless it is induced artificially via electrical stimulation [17] .
Eliminating visual inputs via eye closure is thought to improve the visuospatial mechanisms for balance control [18] and/or cognitive performance compared to eyes open in darkness. If so, this may explain why people sometimes close their eyes in order to process a response -it seems to help us visualize our thoughts better [19] . We hypothesize that the potential benefits of eye closure are specific to activities that interfere with each other. In the case of the subtraction task, difficult arithmetic problems seem to cause the brain to visually imagine the computations [20] . This transforms what appears to be an arithmetic task into a visuospatial task, thereby accounting for the parietal activation. The results of the current study showed that eye closure produced better subtraction performance during a concomitant standing balance control task, concurring with our postulation that eye closure reduces the visuospatial interference between the two tasks.
MATERIALS AND METHODS

Participants
A convenience sample of 50 subjects (24 men and 26 women, 24 ± 2 years old) who reported no significant musculoskeletal or neurological impairment participated in the study approved by the institutional review board.
Common Procedures
There were twelve visuospatial conditions: two distraction, two support, and three vision conditions. Visuospatial performance was quantified using the Sensory Organization Test (SOT) routine (NeuroCom International Inc., Clackamas, Oregon). Subjects stood on a dual force plate inside a 3-sided visual-surround, looking forward, arms by the side, and ankle joints positioned over the rotational axis of the force plates (100 Hz sampling rate). In some conditions, the support surface floor plates were sway-referenced, i.e. they rotated toes-up or toes-down in proportion to the subject's anteroposterior body sway. These two support conditions were mixed with three vision conditions: 1) eyes open with lights on (EoOn), 2) eyes open in total darkness (EoOff), and 3) eyes closed with lights on (EcOn). In all twelve conditions, the subjects were instructed not to move their feet or reach out to touch the visual surround. Figure 1 illustrates these conditions. Each condition was tested thrice consecutively. Each trial lasted 20 s with a pause of 10 -20 s between trials. Subjects wore comfortable flat shoes and were fitted with a safety harness during testing which allowed free movements but would prevent an actual fall.
Retro-7 (Subtraction) Protocol
Subjects were randomized to either the Retro-7 subtraction group or the Control (no subtraction) group. The groups then switched protocol a month later to complete the second session of testing in the order of conditions that mirrored their first session. Within each group, subjects were further randomized into two sub-groups. Both groups underwent the EoOn condition first. The first subgroup was then tested with EcOn followed by EoOff while the second sub-group was tested in the reverse order. To achieve the maximum distraction during the tests, subjects were instructed to subtract a random three-digit number aloud as quickly and as accurately as possible.
Analyses
Balance control performance was quantified using the equilibrium score (ES) which is the peak-to-peak anteroposterior (AP) body center of mass sway recorded in each trial. The formula used to calculate the equilibrium 1-1a: EoOn, fixed surface, no distraction task; 1-1b: EoOn, fixed surface + distraction task (subtracting backwards aloud by 7 from a 3-digit number); 1-2a: EoOn, sway-referenced surface, no distraction task; 1-2b: EoOn, sway-referenced surface + distraction task; 2-1a: EcOn, fixed surface, no distraction task; 2-1b: EcOn, fixed surface + distraction task; 2-2a: EcOn, sway-referenced surface, no distraction task; 2-2b: EcOn, sway-referenced surface + distraction task; 3-1a: EoOff, fixed surface, no distraction task; 3-1b: EoOff, fixed surface + distraction task; 3-2a: EoOff, sway-referenced surface, no distraction task; 3-2b: EoOff, sway-referenced surface + distraction task 
OPEN ACCESS
12.5˚ is the theoretical limit of postural stability along the sagittal plane [21, 22] . θ max = peak forward sway angle about the ankle and θ min = peak backward sway angle (Figure 2) . Performance in trials one and three were each analyzed with a 2 (Support) × 2 (Distraction) × 3 (Vision) repeated measures ANOVA. Speed and accuracy of sub-traction were analyzed with a 2 (Support) × 3 (Vision) repeated measures ANOVA (SAS statistical software (v. 9.1, SAS Institute Inc., North Carolina, USA). Significant interaction or main effects were followed up with 1-tailed simple effect comparisons. The test of significance for all analyses was set at p < 0.05.
RESULTS
Balance Control Performance
In the first-trial analyses, the three-factor analysis of variance showed a significant main effect for Vision, F(2, 98) = 98.4, η 2 = 0.66, p < 0.0001; a significant interaction effect between Vision and Distraction, F(2, 98) = 3.6, η 2 = 0.07, p = 0.0351; and a significant interaction effect between Vision and Support, F(2, 98) = 52.0, η 2 = 0.52, p < 0.0001. Subjects' peak-to-peak anteroposterior sway under the fixed surface condition with eyes open Figure 2 . Quantification of the peakto-peak (θ max to θ min ) anteroposterior sway. and lights on (EoOn) was 5% less than with eyes closed (EcOn), t(50) = 11.0, Cohen's d = 2.4, p < 0.0001 and 6% less than eyes open in the dark (EoOff), t(50) = 12.3, d = 2.4, p < 0.0001. In the sway-referenced condition, EoOn was 24% less than EcOn, t(50) = 10.8, d = 1.9, p < 0.0001 and 24% less than EoOff, t(50) = 10.5, d = 2.1, p < 0.0001. Sway between the EcOn and EoOff conditions did not differ from each other. Similar findings were observed when the subjects performed the concurrent subtraction task (Figure 3(a) ).
Similar simple effects results were found in the thirdtrial analyses, in which the three-factor analysis of variance showed a significant main effect for Vision, F(2, 98) = 193.2, η 2 = 0.80, p < 0.0001; and a significant interaction effect between Vision and Support, F(2, 98) = 93.5, (Figure 3(b) ).
Speed and Accuracy of Subtraction
In the first-trial analyses, the two-factor analysis of variance showed a significant main effect for Vision, F(2, 98) = 6.9, η 2 = 0.12, p < 0.0015; and a significant main effect for Support, F(1, 49) (Figure 4(a) ). No difference in the speed of subtraction was observed among the conditions in the third trial (Figure 4(b) ). Accuracy of subtraction was also similar among the conditions in the first and third trial ( Figures  5(a) and (b) ). 
DISCUSSION
Specific Visuospatial Interference Effects of Dual-Tasking
The results of the study revealed not only a task-difficulty component of the dual-task conditions but also the visuospatial interference between the postural and distraction tasks as predicted. The first component can be seen in the sway-referenced condition in which there is a sizeable decrease in balance control performance in the eyes closed and darkness conditions compared to performance in the fixed support surface condition. Similarly, the main effect of the support surface on the speed of subtraction also point to the increased difficulty in balance control from the fixed to sway-referenced condition. These outcomes are not surprising. The brain has less information to effectively integrate the senses needed for balance control. Visual inputs were not only absent with eye closure or open in the dark but somatosensory inputs were incongruent with vestibular information as well. Of interest in our study, on the other hand, are the results which are consistent with our visuospatial interference hypothesis. In both support surface conditions, the speed of subtraction was reliably faster with eye closure compared to eyes open in normal lighting or total darkness. This finding is coherent with what was found previously [6] in that subtracting backwards during eye closure produced the least visuospatial interference with the balance control task.
Balance control under the sway-referencing condition remained compromised in the third trial of testing, but the normalization of the speed of subtraction suggests that some sort of adaptation may have occurred. It may involve the development of a more effective signal detection (selective attention) strategy [23] , more efficient control of attention to plan and anticipate responses [24] , and/or switching responses back and forth between the two tasks in which the execution of one task is withheld until the other task is underway [25] . These adaptations may [6, 26] or may not [27] include alterations in the frequency characteristics of postural sway.
General Discussion and Application
In this section we broaden the findings of this and the previous study [6] to potential clinical applications as well as the aviation domain in which one of us (SH) has particular expertise.
The results of the study suggest that a hierarchy of progression in balance control training conditions could be utilized. The incorporation of a secondary task into the rehabilitation program could progress in the following ascending order of difficulty:
1) Fixed surface with eyes open under typical lighting using a cognitive activity that does not unduly interfere with balance control, such as word generation [6] ;
2) Replace word generation with a subtraction task (retro-3 is easier, retro-7 is more difficult);
3) Fixed surface, eyes closed + word generation; 4) Replace word generation with a subtraction task; 5) Fixed surface, eyes open in the dark + word generation; 6) Replace word generation with a subtraction task; 7) Repeat 1-6 with sway-referenced surface; 8) Repeat 1-7 with sway-referenced surface and visual surround.
In the field of aviation, they relate specifically to situations experienced by pilots flying in poor visual conditions, where visual inputs outside the cockpit are no longer useful for spatial orientation. In these situations, pilots must instead rely on their instruments to maintain proper flight parameters and sense of postural orientation while ignoring the natural tendency to look out of the aircraft so as to avoid conflicts among the visual, somatosensory, and vestibular systems. These conflicts can produce spatial disorientation, the Coriolis illusion, and/ or vertigo, any of which can lead to fatal consequences. Sensory conflicts are most often caused by a high visuospatial processing load in which the external visual environment is incongruent with inputs from the somatosensory and vestibular systems, resulting in a mismatch with the body's internal frame of reference. These incongruent inputs are most often manifested as the visual system incorrectly signaling the aircraft in a turn while the vestibular system correctly senses the aircraft is straight and level.
In the current study, by attempting to discover if eyes open in the dark decreased balance control performance compared to eyes closed, we were essentially comparing the difference between a pilot maintaining spatial orientation while flying with night vision devices versus just instruments. We had hypothesized that, even in darkness, if the eyes are open, the visual centers will still try to draw in visual cues from the surrounding environment, which might conflict with somatosensory or vestibular inputs. This hypothesis is consistent with the experiences of pilots who become spatially disoriented while flying with night vision devices in the deserts of Iraq unless they turn off the night vision devices and focus their visual scans on their instruments.
The use of a distractive cognitive (Retro-7 subtraction) task to probe the same regions of the brain that are used to process visual inputs for balance control is also similar to the complex dynamics of aircraft control that pilots face when flying in degraded visual environments. Along this line of thinking, pilots are specifically trained to "stay ahead of the aircraft" in order to prevent "task fixation." A good example of this occurs when student pilots are asked to recite emergency procedures while flying an aircraft. As the student attempts to visualize the procedures which he/she has committed to memory, he/she is unable to maintain the assigned altitude and airspeed and ends up either too high and slow or too low and fast. In other instances, the pilot may be able to maintain his/her flight parameters but becomes unable to recite the emergency procedures quickly. The results of the current study suggest that task interference of the sorts described in aviation experiences occurs within the visuospatial processing area(s) of the brain. The ability to rapidly visualize and recite emergency procedures is being interfered with by the concomitant requirement to process visual inputs from the surrounding environment.
